Cell wall layers composed of regularly arranged subunits in either tetragonal (T-layers) or hexagonal array are found widespread in both gram-positive and -negative bacterial species. The few layers that have been isolated and characterized consist generally of subunits that are acidic, single polypeptide chains of large molecular weight (3, 9, 15, 17, 19, 24, 25, 27 ; C. C. Brinton, Jr., J. E. McNary, and J. Carnahan, Bacteriol. Proc., p. 48, 1969 Tipper; Bacillus sphaericus 9602 Lmw occurred as a spontaneous variant in a frozen stock culture. The variant, unlike the wild type, was nonmotile with straight flagella and asporogenous. The subunits forming the T-layer of the variant were 22,000 less in molecular weight and formed in vitro cylinders of twice the width of the wild-type assembled subunits. Storage and growth conditions were described elsewhere (7).
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amide separating gel and SDS-buffer (14) . Molecular weight markers were ,B-galactosidase (Sigma), bovine serum albumin, ovalbumin, human immunoglobulin, trypsin, pepsin (Schwarz/Mann molecular weight marker kit), and Escherichia coli RNA polymerase, a gift from Dai Nakada (later purchased from Sigma).
Enzymatic treatment of T-layer. Samples of crude preparations of the T-layer protein of both wild type (7 mg/ml) and variant (6 mg/ml) were incubated with pronase at concentrations of 0.5, 0.05, and 0.005 pg/ml at 37°C in 0.02 M Tris-hydrochloride at pH 8.1. Controls of both types of T-layer protein without pronase were treated similarly. Portions were removed at 15-min intervals for electron microscopic observation and polyacrylamide gel electrophoresis. If not prepared immediately, all the portions of a given time sample were frozen until used. Grids for electron microscopy were prepared at 4°C to prevent further degradation.
Specificity of binding in sucrose gradients. A wild-type T-layer suspension was dissociated by lowering the pH to 2.0 in 0.05 M pyrophosphate buffer and diluted to less than 3 to 5 mg/ml, and the pH was then raised to neutral; the subunits assembled into very small sheets at first. (A prolonged period of weeks to months was required for growth to larger assemblies which were capable of migrating midway in similar sucrose gradients.) The T-layer suspension was layered onto a continuous 15 to 60% sucrose 30-ml gradient. Sacculi prebanded on a similar sucrose gradient, washed, and resuspended in water were layered on top of the T-layer protein suspension. The gradients were centrifuged at 16,300 x g for 30 min in a Sorval RC-2B swinging-bucket HB 1082 rotor at 4°C. Gradients were fractionated by puncturing the bottom of the tube and collecting approximately 2-mi fractions. All fractions were assayed for protein by the Lowry method (13) . Controls were T-layer protein (the same suspension was used throughout) and buffer, T-layer protein and variant sacculi, buffer and wild-type sacculi, bovine serum albumin and wild-type sacculi, bovine serum albumin and variant sacculi, buffer and variant sacculi, and T-layer protein and Corynebacterium sacculi. The results were normalized and plotted as relative distance in the gradient. Lowry assay values of gradients containing wild-type or variant sacculi and buffer were very low, noninterfering with the assay values for protein, and for simplification they were not plotted. The position of sacculi in these two gradients was marked by an arrow. Corynebacterium sacculi pelleted under the conditions used. Seventy-five to eighty percent of the total protein loaded on the gradient was recovered for gradients containing bovine serum albumin. For the gradients with T-layer protein, the recovery was 40 to 50%.
Specificity of binding by short method. T-layer protein and sacculi were mixed in the presence of 4 to 6 M urea and dialyzed against 0.02 M Tris-hydrochloride buffer, pH 8 .0. The dialyzed suspension was centrifuged at 12,100 to 17,300 x g for 10 to 20 min. The supernatant was poured off and saved. The pellet was washed in the same volume of buffer as the original suspension. After centrifugation, as before, the supernatant was saved. The pellet was resuspended in 6 M urea at one-half the original volume of the suspension. This was incubated for 0.5 h at 370C or, if a known uninhibited protease was present, in an ice-water bath. The suspension was then centrifuged at 17,300 x g for 10 to 20 min. Supernatant and pellet were separated and saved. By this procedure, any protein not bound to sacculi appeared in the supernatant of the first centrifugation. Bound protein was found in the urea supernatant or remaining in the pellet (if urea extraction was at 4°C). Alternatively, in vitro T-layer in 0.02 M Tris-hydrochloride (pH 8.0) was dissociated by addition of 1 N NaOH to raise the pH to 10. Sacculi were added, and the pH was immediately lowered to pH 8.0, eliminating lengthy dialysis. Low pH also dissociated the T-layer subunits, but destroyed the integrity of the sacculi (7) .
Pronase treatment of sacculi. Sacculi were exposed to self-digested pronase by the method of Braun and Rehn (1) at an approximate substrate-enzyme ratio of 50:1 for 2 h at 60°C. The sacculi were then treated with boiling SDS for removal of the enzyme and any cleaved protein. The sacculi were pelleted by centrifugation and washed extensively with water. Binding experiments were conducted to observe any change in the ability of the sacculi to adsorb T-layer. Cell walls treated by boiling in SDS twice were included as a control.
Urea dissociation of free T-layer and T-layer adsorbed to sacculi. A suspension of isolated, assembled T-layer subunits of the wild-type strain was dialyzed against increasing concentrations of urea-0, 0.5, 1.0, 1.5 and 2.0 M. A suspension of the same Tlayer preparation (same concentration) and sacculi and sacculi alone were dialyzed against the same solutions simultaneously with the T-layer suspension. Samples were taken at the indicated urea concentrations after dialysis was complete and examined in the electron microscope.
Electron microscopy. Aqueous preparations were placed on a collodion-carbon-film-coated copper mesh grid and the excess fluid drawn off with filter paper. The sample was then stained with a drop of 0.3 to 2% potassium phosphotungstic acid (pH 7.2). After approximately 30 s the excess stain was drawn off with filter paper. The grid was allowed to air dry and then observed in a Philips EM 300 microscope at an accelerating voltage of 60 kV. Micrographs were made on Kodak Electron Image film EM 4489 and developed by manufacturer's suggested methods.
RESULTS
Interaction with enzymes. Pronase treatment of T-layer reduced the molecular weight of the wild-type subunit from 142,000 to 124,000 and that of the variant subunit from 120,000 to 102,000 (Fig. 1) samples by electron microscopy ( Fig. 2A) . At increasingly longer exposures to higher enzyme concentrations, cylinders disappeared that were present earlier and that were still observed in the control (Fig. 2B and C Upon weeks to months of storage at 4°C, crude preparations of T-layer were observed to decrease in amount at the usual banding position in SDS-polyacrylamide gels and to produce a second band of slightly higher mobility (see Fig.  7 ). Electron microscopic observation revealed only that assemblies had grown larger. It was hypothesized that an endogenous proteolytic enzyme was present in very low amounts. No significant proteolytic activity was detected in the supematant of crude preparations of assembled T-layer in a protease assay with azocasein as substrate. A very low amount of proteolytic activity was found in both the wild-type and variant cell extracts after pelleting sonicated cell walls. It was possible that small amounts of extracellular or intracellular proteases were carried along through the isolation of T-layer. Proteases from bacterial contaminants were considered unlikely since intact bacteria were rarely observed in aged crude preparations of T-layer.
Preparations of T-layer subunits entirely cleaved to a distinct lower molecular weight upon aging at 4°C were still observed by electron microscopy to be assembled into sheets or cylinders of the characteristic array. However, preparations of T-layer cleaved by known proteases appeared to be less able to maintain assemblies of subunits. Assemblies in an aged wildtype T-layer preparation entirely cleaved to the specific lower moleculajr weight were pelleted by centrifugation. The pefleted assembled T-layer subunits were dissociated by 6 M urea, centrifuged, and dialyzed to allow reassociation. The cleaved subunits were observed to form assemblies ( Fig. 3 ) ofcharacteristic pattern which grew larger with time. Cylinders of uniform width were not observed. Thus, T-layer subunits cleaved upon aging retained the ability to reassemble after subsequent dissociation.
Uncleaved and cleaved subunits probably coexisted in the same assemblies. A portion of a crude T-layer preparation, partly cleaved upon aging, was diluted into 2.5% glutaraldehyde to stabilize existing assembled structures. Extremely long cylinders of T-layer assembly were observed by electron microscopy with little or no sheet formation (Fig. 4) . Another sample of this aged T-layer preparation was banded on a 15 to 60% sucrose gradient (30 ml) to separate assembled T-layer subunits from unassembled or very small assemblies of subunits. SDS-polyacrylamide gels (Fig. 4) revealed that the material banding in the middle of the sucrose gradient contained both uncleaved and cleaved subunits.
Binding studies. The cell wall of B. sphaericus 9602 consisted primarily of protein and peptidoglycan (11) . We prepared sacculi (the peptidoglycan component of cell walls) and tested the binding between sacculi and purified T-layer protein. Isolated assembled T-layer subunits (as in Fig. 2B ) were added to the sacculi ( Negatively stained preparation of wild-type T-layer cleaved upon aging in crude preparation. The assembled T-layer was pelleted by centrifugation, and the pellet was resuspended in 6 M urea to dissociate the assemblies. The suspension was again centrifuged to remove insoluble components, and the supernatant was dialyzed to allow reassembly of the T-layer subunits. As can be observed, the cleaved subunits were capable of reassembling into the characteristic pattern after dissociation. Bar represents 1 tim. J. BACTERIOL. took place in distilled water as well as in pyrophosphate or Tris buffer. Unadsorbed cylinders of T-layer were seen, presumably present before adding the sacculi. Urea-dissociated T-layer subunits were added to sacculi and dialyzed against 0.02 M Tris-hydrochloride buffer, pH 8.0. In this case also, the subunits were adsorbed onto the sacculi into irregularly oriented patches of recognizable T-layer assembly. However, no cylinders were seen (Fig. 5B) .
Determination of specific binding. The specificity of the binding between T-layer and sacculi was investigated by sedimenting T-layer and sacculi through a sucrose gradient. In the presence of sacculi, the majority of the T-layer protein sedimented to the bottom half of the gradient (Fig. 6) , indicating that the T-layer was bound to the sacculi. This binding appeared to be specific, since the T-layer failed to bind to Corynebacterium sacculi. Furthermore, bovine serum albumin did not comigrate with sacculi, indicating that the sacculi did not have nonspecific affinity for protein. Sacculi migrated further into the gradient in the presence of the T-layer protein than in its absence. This difference may be attributed to the increase in mass caused by the binding of T-layer to the sacculi. Electron microscopy confirmed that the T-layer had comigrated with the sacculi (being adsorbed as seen in Fig. 5B ).
Specificity of binding. Binding of cleaved and uncleaved T-layer to sacculi was investigated similarly. Figure 7 is an SDS-polyacrylamide slab gel of the fractions of T-layer subunits that bound or failed to bind to sacculi. Cleaved T-layer was from crude preparations stored at 40C for several weeks. In both the wild type and variant, native T-layer bound to sacculi even in the presence of cleaved T-layer, and cleaved T-layer failed to do so. A portion of the native T-layer alone failed to bind to sacculi in this experiment. However, in a similar experiment with a lower ratio of T-layer to sacculi, all of the native T-layer was bound. In mixtures of uncleaved and cleaved subunits, some of the uncleaved T-layer may be coassembled with cleaved subunits and therefore remained unbound. Electron microscopic observations of the sacculi from this experiment were consistent with the biochemical data; the native T-layer formed recognizable T-layer patches on the sacculi, whereas the cleaved T-layer failed to do so.
Other experiments with T-layer protein that had been cleaved by pronase or trypsin gave the same results; the T-layer subunits that had been cleaved by proteolysis would not bind to sacculi as uncleaved subunits would.
Binding of the wild-type and variant T-layer subunits was tested with sacculi from various other Bacillus species as well as unrelated grampositive bacteria. Lactobacillus casei R094 had been shown to have a very similar peptidoglycan structure to B. sphaericus 9602 (10, 11) . Bacillus brevis P-1 (reclassified as B. sphaericus P-1 [9] ) was also checked. Binding of the wild-type or variant T-layer was not observed to any of the sacculi types listed in Table 1 except B. sphaericus 9602 wild-type or variant sacculi. Recognition of the sacculi by the T-layer subunits is strain specific with only the wild type and variant cross-reacting.
Recognition of sacculus. Cell walls were treated with lysozyme to see whether T-layer was released by this enzyme. Electron microscopy revealed that typical cell wall structure disappeared with a parallel increase in amorphous material. T-layer assemblies were observed throughout along with the appearance of cylinders after 2 h or more of digestion. The formation of cylinders is only observed in suspension of extracted T-layer or in suspensions of 3-week-old autolyzing cultures. Thus, T-layer was released from cell walls by agents which degrade the peptidoglycan (A. L. Thomas, Ph.D. thesis, University of Pittsburgh, Pittsburgh, Pa., 1975).
Hungerer and Tipper (11) referred to a polymer containing glucosamine which is covalently linked to the peptidoglycan of B. sphaericus 9602 but have not characterized it. Braun and Rehn (1) demonstrated the covalent linkage of a lipoprotein to the peptidoglycan of E. coli which is necessary for binding the hexagonally structured protein to the peptidoglycan (6, 28) . Sacculi of wild type and variant were treated by their method (details in Materials and Methods) to determine whether a similar arrangement existed in B. sphaericus 9602. Uncleaved T-layer subunits bound equally well to pronase-SDStreated sacculi compared with untreated sacculi. Also wild-type and variant T-layer cross-adsorbed to the opposite sacculi as usual.
It was noted, however, that sacculi 1 month or more after preparation were no longer able to adsorb T-layer subunits. The sacculi demonstrated the characteristic bag shape and smooth texture, as in Fig. 5 . In places the T-layer appeared to be bound, but much remained free in areas surrounding the sacculi. The T-layer had (III) supernatants from urea wash ofABCXYZ pellets, re-extracting protein that was bound to the sacculi (A was repeated as indicated); and (IV) resuspended pellets of ABCXYZ after urea extraction, containing any remaining bound protein. In each sample the volumes of the various washes and suspensions of the pellet were kept equal, and equal volumes of each sample were loaded onto the gel. In other experiments with a lower ratio of T-layer to sacculi, uncleaved T-layer was not observed in the supernatants of step I A and Z, indicating all uncleaved T-layer was capable of binding. In mixtures of uncleaved and cleaved T-layer subunits, uncleaved T-layer was capable of binding (III C and Y), although some did not (I C and Y). Possibly uncleaved subunits co-assembled with cleaved subunits and therefore did not bind. preparations of sacculi. It was assumed that the binding site on the sacculi had become altered in some manner.
Stabilization of the T-layer subunit assembly by the sacculus. Increasing concentrations of urea were used to dissociate assembled T-layer either in in vitro suspension or adsorbed to sacculi. By electron microscopy, T-layer assemblies without sacculi decreased in both size and number from 0 to 0.5 M urea. No observable change was noted for T-layer bound to sacculi. At 1.0 M urea far more assembled T-layer was still observed on sacculi than in T-layer suspension without sacculi. At 1.5 M urea all T-layer pattern was gone. Thus, T-layer bound to sacculi was less susceptible to dissociation than free Tlayer.
By similar electron microscopic observation, in vitro T-layer was dissociated by lowering the pH below 5, whereas pH's below 3 were required to disrupt the regular structure of T-layer bound to cell walls or sacculi. However, the T-layer was not released from the cell walls since very little T-layer was found in the supernatant. Proteolytic cleavage of the B. sphaericus Tlayer subunits demonstrates an important point: the portion of the molecule necessary for noncovalent bonding of the subunit to the sacculus is not necessary for network assembly. T-layer is still capable of network assembly although unable to bind to the sacculus. The array appears to be determined solely by subunit-subunit interactions. This eliminates the possibility that the sacculus serves as a required template for Tlayer network assembly. This is the same conclusion made by Sleytr for Clostridium thermosaccharolyticum and Clostridium thermohydrosulfuricum (21) . However, it is contrary to the conclusions of Nermut and Murray for Bacillus polymyxa (16, 17) and the observations for Spirillum serpens (2, 4, 5).
T-layer assemblies adsorbed to sacculi were not as easily dissociated by urea or changes in pH (this paper and reference 7) as were T-layer assemblies in vitro. The hexagonal layer of E. coli complexed with the peptidoglycan is resistant to trypsin; isolated, it is completely degraded by the enzyme (19) . Sleytr and Glauert (23) found that the regularly structured layers of two Clostridia species are resistant to proteolytic cleavage and proposed a protective role for these layers. The interaction of the T-layer or other regularly structured layers and peptidoglycan appears to be mutually supportive.
T-layer assemblies readsorbed to sacculi were randomly oriented unlike the parallel orientation of the array with respect to the long axis and circumference of whole cells or fresh cell walls. Apparently the binding site on the sacculus did not also contain information for the orientation of the pattern. The original orientation on the cell may have been determined by the manner in which the T-layer subunits were secreted or interplay between the secreted Tlayer subunits and the extracellular cross-linking of peptidoglycan. The binding site(s) on the sacculus possibly was altered by the method for preparing sacculi from cell walls. However Sleytr observed similar patchwork readsorption of the regularly structured layer of two Clostridia to cell walls untreated except for extraction of the structured layer (21 (24) , but unlike the regularly structured layers of S. serpens (2-5) and Acinetobacter (26) .
Specific binding of the T-layer subunits onto purified sacculi was demonstrated by comigration of the T-layer with sacculi in sucrose gradients. Moreover, binding was found to be strain specific since a variety of sacculi from other Bacillus species and gram-positive bacteria would not bind T-layer. Sleytr (21) found crossreactivity between the regularly structured layers of C. thermosaccharolyticum and C. thermohydrosulfuricum and the peptidoglycan of the opposite species. However, we were unable to demonstrate B. sphaericus 9602 T-layer binding even to sacculi of B. sphaericus P-1 (although reported to be similar [9] ).
T-layer was released from cell walls treated with lysozyme, indicating either direct or indirect involvement of the peptidoglycan in the adsorption of T-layer. Proteolytic treatment of B. sphaericus sacculi did not alter the ability of uncleaved wild-type or variant T-layer subunits to adsorb to sacculi of either type. Therefore, a lipoprotein or protein such as the postulated attachment site for the Acinetobacter regularly structured layer (24) was probably not the binding site for B. sphaericus T-layer.
B. sphaericus peptidoglycan has been characterized and differs only slightly from that of Lactobacillus casei R094 (10, 11) . However, the sacculi of L. casei would not adsorb T-layer, indicating that these differences were recognizable by the B. sphaericus T-layer. The differences in structure are as follows: (i) the B.
sphaericus muramic acid residues are substituted by a tetrapeptide lacking the C-terminal D-alanine residue of the pentapeptide on the muramic acid residues of L. casei; (ii) the isoglutamyl residue of the tetrapeptide of B. sphaericus is not amidated on the a-carboxyl as it is in the pentapeptide of L. casei; and (iii) a covalently bound polymer containing glucosamine on B. sphaericus peptidoglycan compared with a neutral polysaccharide of group C serological specificity which contains glucose, galactose, Nacetylglucosamine, and N-acetylgalactosamine linked to L. casei peptidoglycan (10, 11) . The covalently bound polymer possibly served as the binding site for T-layer. Support for this hypothesis is that aged sacculi were unable to bind Tlayer assemblies, but retained their characteristic bag shape and smooth texture, arguing against hydrolysis of the peptidoglycan.
A bacteriophage receptor function for B. sphaericus P-1 T-layer has been demonstrated (9; C. M. Henry, Ph.D. thesis, University of Pittsburgh, Pittsburgh, Pa., 1972). However, this is presumably due to the presence of the T-layer as the most external cell wall layer rather than the T-layer's raison d'etre, since mutants of B. sphaericus P-1 have been found with altered Tlayer incapable of functioning as a receptor for the bacteriophage but still present on the cell.
Sleytr and Glauert proposed that the regularly structured layers of two Clostridia species possibly provide protection since they cover the cell completely and are resistant to proteolytic enzymes (23) .
Brinton has proposed a morphopoietic function for regularly structured layers (Brinton et al., Bacteriol. Proc., p. 48, 1969). T-layer has been shown to self-assemble in vitro to form cylinders (7) . Thus, the T-layer subunit alone contains in its subunit-subunit interactions the information necessary for the generation of the rod shape of the bacterium. Isolated T-layer is also capable of specific recognition and binding of the underlying cell wall peptidoglycan. Assembled T-layer may thereby provide a mold or shell for binding and shaping newly synthesized peptidoglycan. This is probably a cooperative phenomenon since T-layer assembly is obviously stabilized (i.e., modified) by attachment to the peptidoglycan. Modification of the shape determinant must occur since cylindrical extension is overridden by hemispherical termination of the cell during cell division. We suggest that minor cleavage of the T-layer or of the binding site on the peptidoglycan by enzymes under the control of cell division systems might effect this modification.
Not all regularly structured bacterial layers appear to function as shape determinants (2, 6), and there may be other means of accomplishing shape determination (8) . However, a role in shape determination for some regularly structured layers is supported by the existence of halophilic rod-shaped bacteria (15) having regularly structured layers and lacking peptidoglycan. The evidence presented here is consistent with the hypothesis of a shape-determining function for T-layer.
